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In this talk, I review the T odd correlations induced by CP violating anomalous top-quark couplings at both 
production and decay level in the process gg — > tt — > (6/j+^ fl )(6/x - P fl ). In addition I will also focus on 
experimental sensitivities corresponding to the anomalous couplings at the LHC. 



1. Introduction 



The standard Model of particle physics have been a 
successful theory to describe the observed experimen- 
tal data till date. However there are theoretical is- 
sues such as matter-antimatter asymmetry and exper- 
imental issues such as finiteness of electric dipole mo- 
ment (EDM) and anomalous magnetic moment which 
hints for beyond standard model physics in the form 
of CP violation. Though small in nature, as hinted by 
the present experimental bounds, it can be probed by 
proper choice of momentum dependent CP violating 
observables. 

Because of small nature of CP violating effects, it it 
worthwhile to consider processes which could be help- 
ful in measuring these effects directly. One such pos- 
sibility to test such direct effects is the study of pro- 
cesses involving tops. This is because of (a) top-pair 
events are highly abundant at the LHC with a rate of 
~ 10 7 pairs per year, and also, (b) top are short lived 
with a life-time smaller by one order of the QCD scale 
and hence they decay much before hadronization. 



2. CP Violation in top sector 



In a model independent approach without having 
any additional non-standard particle contents, the 
CP violation is parametrized by anomalous top-quark 
couplings affecting both the production and decay ver- 
tices [l[ . The tt production process is modified relative 
to the SM by the interaction 



£cdm = -igs-zto^^G^ t, 



(1) 



where g s is the strong coupling constant and G^ v is 
the usual gluon field strength tensor. For the decay 
process t — > bW + , the most general decay vertex 
takes the following form Q 



1 Wtb 



-%V t * b u(p b )[^(tfP L + f*P R ) 
-ia^ipt - Pb ) v {rtP L + f?P R )}u(p t ). 



(2) 

We use Vtb = 1, ft = 1, fi = and fk = as in 
the SM, and = /expi(0/ + 5f), with <f)f and Sf as 
CP violating and CP conserving phases respectively. 
In a similar way t — > bW~ decay vertex can also be 
written. 

At the LHC, most of the top pair production events 
are due to gluon-fusion, which amounts to ~ 90% of 
the total top-pairs. Therefore throughout this talk, 
we consider only on the subprocess involving gluons as 
initial state. Also since we found that final dimuonic 
mode is the cleanest at the LHC, we restricted our 
studies to the process: gg — » tt — * {bfi+v^ib^ v^). 

For the aforementioned process, the relevant corre- 
lation which does not require intermediate state re- 
constructions, as obtained in ref @ are 

02 = q ■ (jv+ -p Al -)e(p M +,p M -,Pb +Ph,q) 

03 = q- (jv - Pn-)t(pb,Pb,Pv+ +Pn-,o), ( 3 ) 

The integrated asymmetries Ai, corresponding to 
observables Oi integrated counting asymmetries, Aj, 
can be defined as 



Ai = 



N events (Oi > 0) - N events (Oj < 0) 
N emnts (Oi > 0) + N events (Oi < 0) ' 



(4) 
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It is Interesting to note that, from the experimental 
perspective, O2 is most desirable as it does not require 
distinction between b and anti-b jets. 

When CP-violation occurs due to top decays, the 
spin and color averaged matrix element squared con- 
taining the T-odd correlations can be written as 



\M\% = fsm((f> f +6 f )e{pt,Pb,Pi+,Qt) 

+/sin(0/ -6f)e(pi,Pi,Pe-,Qi). (5) 

In this expression, first term contains information 
due to one decay vertex while the other term due to 
other. Clearly, we can not compare top and anti-top 
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Figure 1: Differential distributions corresponding to observables 0\ for d = 5 x 10 GeV 1 , d,2 for /sin< 
5 x 10" 4 GeV" 1 (solid lines) and the standard model (dotted line). Figures are taken from the Ref 0]. 



decays with the use of observables mentioned earlier 
in this talk. This means we need to define additional 
observables which could measure asymmetries corre- 
sponding to CP violating phases as well as CP con- 
serving phases. Observables corresponding to CP vi- 
olating phases are 0] 

£>5 = e(pt,Pt,Pb+Pb,P»+ -Pp-) 

06 = (i-M)e(P,Pb+Pb,p A1 + -Pp-,q). (6) 

In the later part of this talk I will mention that 
we need to define a couple of more observables which 
carry information on strong CP violating phases. 



3. Numerical Analysis 

We studied CP violating asymmetries using Mad- 
Graph [|. Our strategy was as follows: We first gen- 
erated SM matrix- element squared for the aforemen- 
tioned process and then add the contributions due to 
CP violating part as mentioned in Ref. /citegerman. 

We noted that the major background for the pro- 
cess under consideration is due to pp — > bb[i + jjf~ X , 
with minimal acceptance cuts the cross-sections at the 
LHC are 4.3 pb and 24 pb which after implementing 
the basic cuts mentioned in the Ref. /citeours and a 
missing energy cut Pfr> 30 GeV reduce to 2.3 pb and 
respectively. 

In order to estimate asymmetries, we generated 10 6 
events for each of the four cases: d = 5 x 10" 4 GeV -1 ; 
fsmcfrf = 5xl(T 4 GeV -1 ; fsinSf = 5xl(T 4 GeV" 1 
and d = / = 0, which correspond to CP violation in 



the production vertex, CP violation in the decay ver- 
tex, strong phases in the decay vertex and the lowest 
order SM respectively. 

The largest asymmetry for a d coupling is A\ but 
this is helpful only if we could distinguish clearly 
between b and anti-b jets. In Figure [1] we show 
the differential distributions dajdO\ and dajdO\ for 
d = 5 x 10" 4 GeV" 1 as well as dajdO^ for fsmcfrf — 
5 x 10" 4 GeV" 1 . 

3.1. LHC sensitivity 

Using the asymmetries as estimated in Q, we cal- 
culated LHC sensitivities corresponding to the dimen- 
sionless anomalous couplings 

d t = dm t , f t = fm t (7) 

We found that with one year of LHC run (which 
corresponds to integrated lumionosity = 10 /fe" 1 ), 5a 
sensitivity requires Ai > 0.033. Using this, we obtain 

\dt\ > 0.05, \d\ > 3.0 x 10" 4 GeV" 1 (8) 
\ftshx(frf \ > 0.10, |/sin0/| > 6.0 x 10" 4 GeV" 1 

It is to be noted that we have already checked 
our results for top anomalous couplings at production 
level against literature [5j and found it consistent. 

3.2. Strong Interaction Phases 

In order to isolate true CP violation from the T - 
odd triple products, we construct two CP-even observ- 
ables which is based on the most sensitive observable 
to phases in decay vertex. These are 
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o a = q- (p M + +p f ,-)£(p f ,+ ,p t ,-,Pb + Pi,q) 
Ob = q- {p»+ -p»-)e(p»+,p»-,Pb-Pb,q)- ( 9 ) 

Proceeding as in the previous section we found that 
the larger of these two asymmetries we can write 



A b = -0.32/ t sin£/, 



(10) 



from which we conclude that the LHC with 10 fb 1 
will have a 5cr sensitivity to 

|/ t sin5/| > 0.10 \fsmd f \ > 6.0 x 10~ 4 GeV~(ll) 



This talk is based on a work done with A. S. 
Mete and G. Valencia The work was sup- 
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4. Summary and Conclusion 

In this talk, we discussed the following issues: 

• We have estimated asymmetries due to anoma- 
lous top quark coupling both production and de- 
cay level. 

• LHC sensitivities corresponding to these cou- 
plings has also been estimated using the asym- 
metries. 

• We also noted that the true CP phases can be 
isolated from the strong interacting phases. 
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